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SUMMARY 28
Cell fate transitions are accompanied by global transcriptional, epigenetic and 29 topological changes driven by transcription factors (TFs), as is strikingly 30 exemplified in somatic cell reprogramming to pluripotent stem cells (PSCs) by 31 OCT4, KLF4, SOX2 and cMYC. How TFs orchestrate the complex molecular 32 changes around their targets in a temporal manner remains largely elusive. Here, 33 using KLF4 as a paradigm, we provide the first TF-centric view of chromatin 34 reorganization during reprogramming and its association to enhancer rewiring 35 and gene regulation. We captured the enhancer connectomes in fibroblasts and 36
PSCs by H3K27ac HiChIP and identified complex 3D enhancer hubs that were 37 strongly correlated with cell-type specific gene expression and coregulation. 38 KLF4-centric conformational analysis at different reprogramming stages revealed 39 that KLF4 is involved in the dissociation of fibroblast-specific and the 40 establishment of PSC-specific enhancer loops concomitantly with repression or 41 activation of linked genes. Moreover, KLF4 occupancy was significantly enriched 42 within highly connected enhancers, suggesting a role in the formation and 43 regulation of complex enhancer hubs. Indeed, disruption of a single KLF4 binding 44 site from a PSC-specific enhancer was sufficient to reduce expression of multiple 45 genes within the enhancer hub, partly by impairing long-range contact. Our study 46 provides an integrative view of the intricate activities of a master regulator during 47 a controlled cell fate transition and offers novel insights into the order and nature 48 of molecular events that follow TF binding. TFs as well as specific direct and indirect mechanisms for coordinating these 67 molecular changes have been proposed [6] [7] [8] [9] [10] . In addition to the transcriptional and 68 epigenetic changes, recent studies utilizing targeted or global chromatin 69 conformation capture techniques revealed that the 3D chromatin topology differs 70 between somatic and pluripotent stem cells (PSCs) and is largely reset during 71
reprogramming [11] [12] [13] [14] [15] [16] . However, the principles of chromatin reorganization during 72 iPSC generation, the association with enhancer and gene activity and the 73 involvement of TFs in these processes have only started to be explored. 74 present on day 3 (Early KLF4 targets), while the rest were either gradually 123 established during reprogramming (Mid KLF4 targets) or detected only in 124 established PSCs (Late KLF4 targets). To gain insights into the nature and 125 potential function of each category of KLF4 targets we performed genomic 126 annotation based on their chromatin state classification introduced by Chronis et 127 al 6 as well as Gene Ontology (GO) analysis using the GREAT tool 25 (Fig.1c) . 128
Early KLF4-targets mostly enriched for promoters of genes involved in regulation 129 of metabolic processes and cell junction organization, in agreement with the 130 previously reported early role of KLF4 in regulating these processes 21 . On the 131 other hand, Mid and Late KLF4 targets included an increasing number of 132 pluripotency-associated enhancers and enriched for stem cell maintenance 133 genes, including many master regulators of pluripotency, such as Sox2, Nanog, 134
Esrrb and Klf4. Finally, Transient KLF4 targets enriched for transient and partial-135 iPSC enhancers of genes involved in negative regulation of cell cycle, apoptosis 136 and various signaling pathways associated with differentiation, such as TGF-beta 137 signaling (Fig.1c ). The different nature of stage-specific KLF4 binding sites was 138 also supported by motif analysis, which revealed distinct classes of TFs enriched 139 among Early (e.g. cMYC and YY1), Mid (e.g.ELF5 and RFX), Late (e.g. ESRRB 140
and NR5A2) and Transient (e.g.FOSL1 and JUNB) KLF4 genomic targets 141 ( Supplementary Fig.1b ). 142
The differential ability of KLF4 to bind Early or Late targets prompted us to 143 investigate the chromatin accessibility in MEFs and its dynamic changes during 144 reprogramming ( Fig.1d and Supplemental Fig.1c ). Integration of ATAC-seq and 145 KLF4 ChIP-seq datasets revealed that ~60% of the Early KLF4 binding sites 146 were already open in MEFs, suggesting that preexisting accessibility could partly 147 explain the differential binding behavior of KLF4 during reprogramming ( Fig.1d  148 and Supplementary Fig.1d ) . In contrast, the majority (>70%) of mid, late and 149 transient KLF4 targets were "closed" in MEFs and gained accessibility at later 150 reprogramming stages ( Fig.1d and Supplementary Fig.1d ) in concordance with 151 the kinetics of KLF4 binding. This result is in agreement with the proposed 152 pioneer activity of KLF4 7,26 and/or with synergistic binding with the other 153 reprogramming factors 6 . 154 KLF4 has been proposed to function both as an activator and repressor of 155 gene expression 9,21 . To assess the impact of KLF4 binding on enhancer and 156 gene activity, we first performed ChIP-seq for H3K27 acetylation in MEFs, PSCs 157 and intermediate reprogramming stages to map potential changes in enhancer 158 usage during iPSC generation ( Supplementary Fig.1e ). Our analysis 159 demostrated an acquisition of H3K27 acetylation concurrently with or 160 subsequently to KLF4 binding ( Fig.1e and Supplementary Fig.1f ), suggesting that 161 KLF4 might predominantly function as an activator. In further support of this 162 notion, less than 5% of decommisioned MEF enhancers were targeted by KLF4, 163 whereas about 35% of the total acquired PSC enhancers and almost the entirety 164 of (so-called) superenhancers (SE) 27 were bound by KLF4 concomitantly or prior 165 to H3K27 acetylation ( Fig.1f, Fig.1g and Supplementary Table 2 ). Moreover, 166 Fig.1g and Supplementary Table 3 ) of genes 167 that are linked to Early, Mid, Late or Transient KLF4 ChIP-seq peaks showed a 168 strong trend for upregulation, rather than downregulation, at the respective 169 stages of reprogramming ( Supplementary Fig.1h )
RNA-seq analysis (Supplementary

. Representative examples of 170
ChIP-seq and ATAC-seq tracks as well as RNA-seq results for each category of 171 KLF4 targets are shown in Figure 1h . 172
In conclusion, our data revealed a stage-specific KLF4 binding during 173 reprogramming, which progressively targets PSC-associated enhancers and 174 eliminates transient, PSC-unrelated occupancy. KLF4 binding appeared to 175 depend only minimally on preexisting chromatin accessibility, had strong effects 176 on chromatin opening and accordingly on enhancer and gene activation. Associated Domains (TADs), is largely cell-type specific and drastically 184 reorganized during reprogramming 11,13-16,28 . However, the small-scale, cell type-185 specific regulatory loops, such as enhancer-promoter interactions, were 186 insufficiently captured in these studies due to technical limitations. Here, we 187 performed H3K27ac HiChIP 29 in MEFs and PSCs in order to generate high-188 resolution contact maps around active enhancers and promoters and 189 characterize the degree of architectural reorganization during reprogramming. 190
After calling high-confidence interactions using HiC-bench tool 30 (see methods), 191
we further refined our set by considering only loops that overlapped with 192
H3K27ac ChIP-seq peaks in at least one anchor ( Supplementary Fig.2a ). 193
Differential looping analyses (pvalue<0.01. LogFC>2) revealed about 50,000 194 contacts that were enriched either in MEFs or in PSCs ( Fig.2a , Supplementary  195   Fig.2b and Supplementary Table 4 ). By applying stringent statistic criteria 196 (pvalue>0.5, logFC<0.5) , we also identified a group of ~6,000 constant H3K27ac 197 contacts that show similar interaction strength in both MEFs and PSCs. 198 Enrichment analysis using the LOLA tool 31 , revealed that MEF-specific loops 199
were enriched for binding of somatic TFs, such as Runx2 and Junb, whereas 200 PSC-specific loops were strongly associated with pluripotency TFs, including 201
OKS and NANOG as well as transcriptional co-activators, such as CBP and 202
Mediator subunits ( Supplementary Fig.2c ). 203
In agreement with previous publications 32 , H3K27ac HiChIP detected a 204 large number of Enhancer-Enhancer (E-E), Enhancer-Promoter (E-P) and 205
Promoter-Promoter (P-P) contacts ( Supplementary Fig.2d ). Interestingly, we 206 observed that genomic regions that were detected as anchors in PSC-specific 207
H3K27ac loops were involved in significantly higher number of long-range 208 contacts (higher connectivity) than the ones detected in MEF-specific and 209 constant loops ( Fig. 2b ). Together, these results document the dramatic 3D 210 genomic reorganization of enhancers between MEFs and PSCs and reveal that 211 cell type-specific enhancer connectomes are characterized by different degrees 212 of complexity. 213 214 3D-organized enhancer cliques and enhancer hubs are associated with 215
cell-type specific gene expression and coregulation 216
The presence of complex enhancer-promoter interactions, such as "enhancer 217 cliques" (multiple enhancers contacting the same promoter) or "enhancer hubs" 218 (multiple promoters communicating with the same enhancer) (Supplementary 219 Table 5 ) prompted us to examine their potential cell-type specific function in 220 regulating gene expression. Integration of RNA-seq data overall showed a 221 significant correlation of MEF-specific or PSC-specific H3K27ac loops with 222 increased expression of associated genes in the respective cell type ( Fig. 2c and 223
Supplementary Fig.2e ). Interestingly, the strength of this correlation and the 224 levels of cell type-specific expression were higher when we focused on genes 225 within enhancer cliques (at least two enhancer contacts) and increased with the 226 number of enhancer contacts per gene ( Fig.2c ). These results support that 227 multiple enhancers connected to the same gene in a cell-type specific manner 228 are more likely to ensure robust and tight transcriptional activation. 229
We then focused on enhancers that establish connections with multiple 230 gene promoters hypothesizing that they may coregulate these genes in the 231 context of 3D regulatory hubs (enhancer hubs). To test this hypothesis, we 232 selected all protein-coding genes that participate in such hubs (2 or more genes 233 contacting the same enhancer) and are expressed (>1TPM) in either MEFs or 234
PSCs and performed pair-wise comparisons among genes within hubs to 235 calculate the percentage of co-regulation or anti-regulation. For control groups 236 we used random gene pairs (from the same pool of genes as the test group) 237 either of similar linear distance with our test group (global random) or within the 238 same TADs 33 (TAD-matched random). The results show a significant 239 overrepresentation of coregulated gene pairs within enhancer hubs compared to 240 our control groups (Fig.2d ). This analysis revealed 217 gene pairs that reside 241 within PSC-enhancer hubs and become concordantly upregulated during 242 reprogramming ( Supplementary Table 5 ). As an example, we found that the 243 previously described Zfp42 SE also contacts and potentially co-regulates the 244 distal Triml2 gene ( Fig.2e ). Triml2 , similarly to Zfp42, is activated specifically in 245
PSCs, suggesting a potential function in the maintenance of stem cell identity. A 246 more complex hub was revealed around a SE enhancer located 60kb 247 downstream of Nanog, which appeared to form PSC-specific contacts with 248 multiple pluripotency-associated genes, including the proximal (~25kb) Slc2a3 249 and the distal (~450kb) Phc1 ( Supplementary Fig.2f ). Therefore, our analyses 250 revealed that many PSC SE and typical enhancers (TE) that were previously 251 assigned to only one gene 27,34 , formed hubs with multiple genes and not 252 necessarily the most proximal ones (enhancer skipping) ( Supplementary Fig.2g ) 253 in a PSC-specific manner. Importantly, Gene ontology analysis of the newly 254 discovered SE and TE target genes enriched for stem cell maintenance and cell 255 cycle categories, supporting their functional relevance ( Supplementary Fig.2g ). 256
To better understand the biological basis of low or high enhancer 257 connectivity, we ranked PSC H3K27ac anchors based on the number of contacts 258 they establish and looked for features that may contribute to their distinct looping 259 behaviour. Using available ChIP-seq datasets, we compared binding intensities 260 at regions with the lowest (only one contact, n=3,594) and highest connectivity 261 (equal or more than four contacts, n=1434) and found that binding of pluripotency 262
TFs, including KLF4, was significantly stronger (p<10 -16 ) in highly connected 263 enhancers, similarly to Mediator subunits Med1 and Med12 (Fig.2f ). However, 264
well-described architectural proteins, such as CTCF and cohesin 35 or the recently 265 described enhancer-promoter mediator YY1 36,37 , did not show significantly 266 increased binding within highly connected enhancers (Fig. 2f ). The involvement 267 of KLF4 in PSC-specific H3K27ac interactions was further corroborated by the 268 fact that about 80% of the H3K27ac PSC-specific loops were occupied by KLF4 269 with almost 50% being Early or Mid KLF4 targets during reprogramming ( Fig.2g  270 and Supplementary Fig.2h ). These results establish a link between KLF4 binding 271 and enhancer-promoter looping in established PSCs and during reprogramming, 272 supporting a potential architectural function for KLF4 in addition to its 273 transcriptional and pioneering activity. 
genes. 278
To capture the KLF4-centric chromatin reorganization during iPSC formation, we 279 performed HiChIP in early (day 3) and mid (day 6) stages of reprogramming as 280 well as in PSC using KLF4 antibody ( Supplementary Fig.3a ). Principle 281 component analysis (PCA) on all high-confidence interactions distinguished 282 primarily KLF4 from H3K27ac HiChIP data ( Supplementary Fig.3b ) regardless of 283 cell type or stage, demonstrating the different nature of chromatin contacts that 284 each antibody captures. PCA2 and PCA3 showed a clear separation of the 285 different reprogramming stages, suggesting dynamic reorganization of KLF4-286 bound contacts ( Fig.3a ). Differential looping analysis generated 4 clusters of 287 differential KLF4-centered interactions ( Fig.3b and Supplementary Table 6 ): two 288 clusters of gained loops, detected either in mid or late reprogramming stages 289 and two clusters of lost loops detected only in early or mid stages. Integration of 290 KLF4 ChIP-seq data revealed a strong correlation of stage-specifc KLF4-looping 291 with the expected stage-specific KLF4 binding ( Fig.3c ). Specifically, the majority 292 of gained loops overlapped with mid and late KLF4 binding, while lost loops had 293 predominantly transient KLF4 occupancy. Interestingly, in about 25-30% of KLF4 294 loops, KLF4 binding was detected prior to loop formation or persisted after loop 295 loss ( Fig.3c ), suggesting that KLF4 binding may be causal but not always 296 sufficient for looping formation or detection. 297
To gain insights into the role and nature of the different KLF4-centered 298 loop clusters we investigated the expression changes of associated genes during 299
reprogramming. Fig.3d shows that the relative percentages of up-and down-300 regulated genes are different among the distinct loop clusters. Lost KLF4 301 contacts mostly associate with gene repression, while gained KLF4 loops with 302 gene activation during reprogramming ( Fig.3d ). Furthermore, integration of 303 H3K27ac HiChIP data from MEFs and PSCs, showed that most of the gained 304 KLF4 loops were also detected in PSC-enriched H3K27ac HiChIP contacts, while 305 lost KLF4 loops mostly enriched for MEF enhancer contacts ( Fig.3e ). Examples 306 of such loops and genes are shown in Figure 3f , which illustrates the normalized 307 KLF4 and H3K27 HiChIP signal around Mycn and Ets1 in the format of virtual 4C 308 along with the respective ChIP-seq tracks during reprogramming ( Fig.3g) . Mycn 309 is a pluripotency-associated gene activated during reprogramming ( Fig.3h ), 310
concomitantly with the establishment of KLF4-mediated loops with a distal 311 enhancer. In contrast, Ets1 is downregulated during reprogramming ( Fig.3h ) in 312 concordance with the gradual loss of a pre-existing H3K27ac-loop in MEFs that 313 was abolished in PSCs ( Fig. 3f ). Importantly, comparison of published Hi-C 314 datasets with our H3K27ac HiChIP results validated the cell-type specific nature 315 of these loops ( Supplementary Fig.3c ). Moreover, independent 3C-qPCR 316 experiments validated that the Mycn-enhancer loop was gradually established 317 during reprogramming, while the Ets1-enhancer contact frequency was 318 significantly decreased by day 6 (Fig.3i ). Together, these observations suggest 319 that stage-specific KLF4 binding is involved both in the formation/activation of 320 PSC enhancer loops and abrogation/repression of prexisting somatic enhancer 321 loops. 322
323
KLF4 binding is involved in different types of chromatin loops 324
The previous results establish strong links between KLF4-centered chromatin 325 reorganization during reprogramming with enhancer looping as well as gene 326 expression changes, but they do not explain all observed long-range contacts. As 327 shown in Fig.3d , a high percentage (~50%) of genes within dynamic KLF4 loops 328 did not significantly change their expression during reprogramming. In 329 accordance, a large proportion of both gained and lost KLF4-centered 330 interactions appeared to be either constitutive enhancer loops (similar H3K27ac 331
HiChIP signal in both MEF and PSC) or independent of H3K27ac looping 332 ( Fig.3e ). These data demonstrate that looping around KLF4-bound loci might not 333 always result in changes in enhancer and/or gene activity. 334
The fact that KLF4 participates in H3K27ac-dependent and independent 335 chromatin contacts prompted us to investigate the potentially distinct looping 336 mechanisms and architectural partners of KLF4 for each loop category. To do so, 337
we first clustered all PSC KLF4 binding sites based on their presence within 338
H3K27ac-dependent or independent loops (KLF4 loops that were also detected 339 or not in H3K27ac HiChIP) ( Supplementary Table 7 ). To increase stringency, 340 KLF4 binding sites present in both anchors of a loop (bi-anchored sites) were 341 considered. As a control group, KLF4 target sites that were detected neither in 342 KLF4 nor in H3K27ac HiChIP contacts were used (non-anchored sites). 343
Importantly, KLF4 binding strength was similar in all categories (Supplementary 344 Fig.3d ), suggesting that the differential looping probability around KLF4 target 345 sites may depend on the presence or absence of other factors. Enrichment 346 analysis using published ChIP-seq datasets showed that KLF4 binding sites 347 within H3K27ac-dependent loops enriched for active enhancer features such as 348 binding of pluripotency TFs (ESRRB, NANOG, SOX2 and POU5F1), YY1 as well 349 as POLR2A and Mediator subunits ( Supplementary Fig.3e and Supplementary 350 To examine the functional significance of KLF4 in long-range chromatin 366 interactions and associated gene expression, we decided to focus on the Tbx3 367 locus, which was detected to contact multiple enhancers specifically in PSCs by 368 both KLF4 and H3K27ac HiChIP and validated using published Hi-C data ( Fig.4a  369 and Supplementary Fig.4a ). 3C-qPCR experiments during reprogramming 370 confirmed the establishment of a contact between Tbx3 promoter with a distal (-371 90kb) enhancer at late stages of reprogramming and concomitantly with gene 372 activation ( Fig.4b and 4c ). To experimentally test the relevance of this putative 373 enhancer for Tbx3 gene regulation, we utilized CRISPR/Cas9 technology to 374 genetically delete it in PSCs using a previous characterized proximal enhancer 375 as a reference 39 ( Fig.4d , Supplementary Fig.4b and Supplementary Table 9 ). RT-376 pPCR analysis of homozygous knock-out (KO) clones ( Supplementary Fig.4c ) 377 demostrated that the transcriptional levels of Tbx3 were severly impaired upon 378 disruption of either enhancer (Dis-KO and Pro-KO), with the distal enhancer 379
showing a stronger effect ( Fig.4e ). Interestingly, the RNA levels of the 380 surrounding non-coding genes, Gm1603 and Aw549542, which were part of the 381 same enhancer hub with Tbx3 ( Fig.4a and Supplementary Fig.4d ), were also 382 reduced (Fig 4f) . Importantly, mutation of just one KLF4 binding motif within the 383 distal enhancer (DisKLF4 mut ) (Fig 4d and Supplementary Fig.4b and e ), also 384 resulted in a significant downregulation of Tbx3, Gm1603 and Aw549542 RNA 385 levels ( Fig. 4e ), supporting a critical role of KLF4 binding in the regulatory activity 386 of this enhancer. In addition, and consistently with the transcriptional 387 downregulation, the long-range contact between Tbx3 and the distal enhancer 388 was specifically and significantly reduced upon mutation of the KLF4 motif as 389
shown by 3C-qPCR ( Fig.4f ), while the interaction of Tbx3 with the proximal 390 enhancer or a KLF4-independent contact in chromosome 7 remained unaffected 391 ( Fig.4f ). These results provide direct evidence for the role of KLF4 both as 392 transcriptional regulator and chromatin organizer within enhancer hubs. 393 394 Discussion 395
Here, we describe the dynamic binding of KLF4 and its effects on chromatin 396 accessibility, enhancer activity and connectivity, gene expression and 3D 397 chromatin organization during iPSC reprogramming. Our data demostrated that 398 KLF4 initial binding mostly occured in previously inaccessible chromatin regions 399 and coincided with chromatin opening. This binding behavior is likely the result of 400 its documented pioneering function 7,26 as well as cooperativity with other 401
reprogramming TFs 6 . KLF4 binding was predominantly linked to gene 402 upregulation rather than downregulation, suggesting that a previously reported 403 repressive activity of this TF 6,9,21 may be manifested at earlier timepoints 6 or by 404 indirect mechanisms, for example through activation of the suppressor SAP30, 405 as it has been recently shown in a different reprogramming system 40 . Finally, 406 KLF4 binding often occurred prior to enhancer and gene activation (early KLF4 407 binding-late H3K27 acetylation), suggesting a causality, but also the requirement 408 of additional factors, such as ESRRB or NANOG 6 , which are reactivated only 409 later in reprogramming (not shown). 410
Previous studies utilizing 4C, 5C or Hi-C have reported that 3D genomic 411 architecture is drastically reorganized between somatic and pluripotent cells 11,13-412 16 . However, the principles and mechanisms of such reorganization remain 413 largely elusive. A recent study performed Hi-C analysis at different stages of B 414 cell reprogramming and offered important insights into the kinetics and degree of 415 chromatin reorganization on the level of chromosome compartments and TADs 28 . 416
However, only a minor fraction of cell-type specific loops were detected. Here, 417
we chose to apply H3K27ac HiChIP analysis, which has been recently shown to 418 have significantly higher discovery rate for cell-type specific loops, compared to 419
Hi-C and Capture Hi-C methods 29,32 . Indeed, our data revealed a dramatically 420 rewired enhancer connectome between MEFs and PSCs generating a reference 421 map of conformational changes, relevant for cell identity. Our analyses unraveled 422 cell-type specific H3K27ac interactomes that included simple and complex P-P, 423
E-E and E-P contacts. Interestingly, genes that communicated with multiple 424 enhancers (enhancer cliques 32 ) in a cell-type specific manner appeared to be 425 more strongly upregulated in the respective cell-type, which supports the 426 possibility that genes critical for cell identity are under the control of more than 427 one enhancers ensuring increased specificity and robustness. In parallel, our 428 analysis identified a number of cell-type specific 3D enhancer hubs, including 429 many SE-hubs, which contained two or more coregulated genes. This provides 430 genome-wide evidence that complex 3D enhancer hubs may play a functional 431 role in coordinating gene regulation during cell fate transitions and may therefore 432 enable identification of novel candidate genes and enhancers critical for the 433 maintenace or establishment of specific cellular identities. 434
Encouraged by previous studies reporting potential architectural functions 435 for various KLF protein members 14,18,19 , we went on to capture for the first time Cohesin and CTCF and (iii) potentially repressive or paused loops that we 453 associated with PRC1/2 components. The role of KLF4 binding in the formation, 454 stabilization or functionality of these distinct loop categories remains to be shown. 455
In support of a critical role of KLF4 in maintaining enhancer-promoter 456 communication and activity, we showed that disruption of a single KLF4 binding 457 site from a newly identified PSC-specific enhancer, decreased expression of 458 multiple genes within the enhancer hub, partly by reducing looping frequency. 459
In conclusion, our study provided the first TF-centric chromatin 
Cell lines, culture conditions and reprogramming experiments 593
Mouse ES V6.5 were cultured on irradiated feeder cells in KO-DMEM media 594
(Invitrogen) supplemented with 15% heat-inactivated fetal bovine serum, 595
GlutaMAX, penicillin-streptomycin, non-essential amino acids, β-mercaptoethanol 596 and 1000 U/ml LIF, with or without the presence of 2i (1uM MEKinhibitor 597
(Stemgent 04-0006) and 3uM GSK3 inhibitor (Stemgent 04-0004)). 598
Mouse embryonic fibroblasts (MEFs) were isolated from a "reprogrammable" 599 mouse harboring a polycystronic OKSM cassette in the Col1a1 locus and M2rtTA 600
in the Rosa26 locus 20 . Cells were reprogrammed in the presence of 1ug/ml 601 doxycycline and 50ug/ml ascorbic acid and cultured in ES medium as described 602
above. Cells were collected at the indicated time points. 603
MACS and FACS 604
For isolating the SSEA1 positive cells from reprogramming intermediates at day6 605 and day9 we used magnetic microbeads conjugated to anti-SSEA1 antibody 606
(MACS Miltenyi Biotec #130-094-530) as per manufacture instructions. SSEA 607 positive and negative fractions were then stained for FACS analysis with an anti-608
Thy1 antibody conjugated to pacific blue fluorophore (ebioscience # 48-0902-82) 609
and anti-SSEA antibody conjugated to APC fluorophore (biolegend #125608). 610 611
Generation, selection and validation of KO 612 gRNAs were cloned into the px458 vector using the BbsI restriction enzyme 43 . 613 0.3 million ESC cells (V6.5) were transfected using 2ug of Left-Tbx3-plasmid and 614
2ug of Right-Tbx3-plasmid (for Tbx3 enhancer deletions) or 4ug of Tbx3-615
KLF4mut-vector (mutation of KLF4 binding site within Tbx3 distal enhancer).
616
DNA was pre-mixed with 50ul media with no additions, and in a separate tube 617
10ul of Lipofectamine 2000 (Invitrogen #11668019) was pre-mixed with 50ul 618 media with no addition. After 5 minutes the two tubes were combined and 619 incubated at room temperature for 20 more minutes. Cells were then added to 620 the solution and plated on a gelatinized 12 well. 48hrs post-transfection, GFP 621 positive single cells were sorted by FACS into 96 well plates. Genotyping of the 622 single cell colonies was performed using a three-primer strategy (for deletions) or 623 by surveyor with T7 (for in-del mutation). Two colonies with homozygous 624 mutations (or w.t. colonies as control) were expanded and used for RT-qPCR 625
and 3C experiments. All gRNA and primers are described in Supplementary 626 Table 9 . 627 628 3C-qPCR 629
For each sample 1 to 2 million cells were lysed in 300ul of lysis buffer (10mM 630
Tris-HCl pH 8.0, 10mM NaCl, 0.2% Igepal CA630 with protease inhibitors) and 631 incubated on ice for 20 mins. Cells were centrifuged 2500g for 5min at 4°C and 632 pellet washed once in lysis buffer. Pellets were resuspended in 50ul of 0.5% SDS 633
and incubated at 65°C for 10 mins. 145ul of water and 25ul of 10% triton were 634 added to the samples and incubated 15mins at 37°C. 100 Units of MboI 635 restriction enzyme and 25ul of NEB buffer 2 were added and incubated over 636 night at 37°C with rotation. Next day the enzyme was inactivated at 65°C for 20 637 mins. The ligation reaction was carried out over night at 16°C by adding 120ul of 638 NEB T4 ligase buffer, 100ul of 10% Triton, 6ul of 20mg/l BSA, 100ul of 10mM 639 ATP and 5ul of T4 ligase (NEB #M0202).The day after, 50ul of 20mg/ml 640 proteinase K and 120ul of 10% SDS were added and the samples were 641 incubated over night at 65°C. Lastly, 10ul of 10mg/ml RNAse was added and 642 and the library was then PCR amplified for the appropriate number of cycles 690
using Nextera primers. Samples were subject to a dual size selection (0.55x-691 1.5x) using SPRI beads (Beckman Coulter #B23317). Finally, the ATAC libraries 692
were sequenced on a HiSeq 2500 platform on PE50 mode. 693 694
RNA-seq 695
Total RNA was prepared with TRIZOL (Life technologies #15596018) following 696 manufacturer's instructions. Libraries were generated by the Weill Cornell 697
Genomics core facility using the Illumina TruSeq stranded mRNA library 698 preparation kit (#20020594) and sequenced on an Illumina HiSeq4000 platform 699 on SE50 mode. 700 701
HiChIP 702
HiChIPs were performed as previously described 29 with some modifications. In 703 brief, up to 15 million crosslinked cells (for KLF4 HiChIPs two samples of 15 704 million cells were combined at the end, for each sample replicate) were 705 resuspended in 500 µL of ice-cold Hi-C lysis buffer (10 mM Tris-HCl pH 7.5, 10 706 mM NaCl, 0.2% NP-40, 1× protease inhibitors) and rotated at 4°C for 30 min. 707
Nuclei were pelleted and washed once with 500 µL of ice-cold Hi-C lysis buffer. 708
Pellet was then resuspended in 100 µL of 0.5% SDS and incubated at 62°C for 709 10 min. 285 µL of water and 50 µL of 10% Triton X-100 were added, and 710 samples were rotated at 37°C for 15 min. 50 µL of NEB Buffer 2 and 15 µL of 711 25 U/µL MboI restriction enzyme (NEB, R0147) were then added, and sample 712 was rotated at 37°C for 2 h. MboI was then heat inactivated at 62°C for 20 min. 713
We added 52 µL of incorporation master mix: 37.5 µL of 0.4 mM biotin-dATP 714
(Thermo Fisher, 19524016); 4.5 µL of a dCTP, dGTP, and dTTP mix at 10 mM 715 each; and 10 µL of 5 U/µL DNA Polymerase I, Large (Klenow) Fragment (NEB, 716 M0210). The reactions were then rotated at 37°C for 1 h. 948 µL of ligation 717 master mix was then added: 150 µL of 10× NEB T4 DNA ligase buffer with 10 718 mM ATP (NEB, B0202), 125 µL of 10% Triton X-100, 3 µL of 50 mg/mL BSA 719 (Thermo Fisher, AM2616), 10 µL of 400 U/µL T4 DNA Ligase (NEB, M0202), 720
and 660 µL of water. The reactions were then rotated at room temperature for 721 4 h. After proximity ligation, the nuclei were pelleted and the supernatant was 722 removed. Buffer is 20 mM Tris-HCl pH 7.5, 10 mM magnesium chloride, 20% 755 dimethylformamide). After washes, beads were resuspended in 25 µL of 2× TD 756
Buffer, Tn5 (for 50 ng of post-ChIP DNA we used 2.5 µL of Tn5), and water to 757 50 µL. Tn5 amount was adjusted linearly for different amounts of post-ChIP 758 DNA, with a maximum amount of 4 µL of Tn5. Samples were incubated at 759 55°C with interval shaking for 10 min. After removing the supernatant 50 mM 760
EDTA was added to samples and incubated with interval shaking at 50°C for 761 30 min. Beads were then washed two times each in 50 mM EDTA then Tween 762
Wash Buffer at 55°C for 2 min. Lastly, beads were washed in 10 mM Tris 763 before PCR amplification. Beads were resuspended in 25 µL of Phusion HF 2× 764
(New England Biosciences), 1 µL of each Nextera Ad1_noMX and Nextera 765
Ad2.X at 12.5 µM, and 23 µL of water. and H3K27ac peaks or enhancers in ref 34 was 250 bp. Where H3K27ac peaks or 829 enhancers overlapped with KLF4 sites of different stages, the earliest stage was 830 prioritized (Fig. 1g ). 831 832
Motif analysis 833
For each KLF4 cluster we generated a random background (by shuffling the 834 peaks randomly throughout the genome) to test motif enrichment within each 835
cluster. Analysis of the KLF4 clusters was performed with the use of HOMER and 836 'findMotifsGenome.pl' command with the following parameters: '-bg random.bed -837 size 200 -len 15'. Only motifs with p-value≤1e-5 were considered significant.Two 838 heatmaps with the z-transformed '-log10(p-value)' and z-transformed 'motif 839 frequency' of selected motifs for each cluster are presented in Supplementary 840 Fig.1d . 841 842
PCA analysis for ATAC-seq, RNA-seq and ChIP-seq experiments: 843 We first merged all accessible regions / H3K27ac peak detected from ATAC-seq 844 / H3K27ac ChIP-seq in any reprogramming stage using bedtools v2.25.0. Then, 845
we calculated the coverage of reads for each merged accessible region and 846
H3K27ac peak for each replicate independently. For the RNA-seq data, we 847 calculated the coverage for each exon and only exons with at least 1 read 848
covering every single base of the exon were used for downstream analysis. PCA 849 analysis was performed with R and PCA plots were generated with 'ggplot2' 850 library. In each PCA plot, we present the variability captured by the first two PCs 851 (PC1 and PC2). 852 853
RNA-seq data analysis 854
Expression of genes was quantified in transcripts per kilobase million (TPM) 855
using quasi mapping (Salmon, version 0.8.2) to GENCODE (version M6, mm10) 856 reference gene annotation. Salmon provides alignment-free transcript 857 quantification information in a single step 47 . 858 859
Line plots for gene expression analysis 860
We plotted the median expression levels of all protein coding genes with their 861 corresponding 95% confidence interval (CI) that are bound by KLF4 in a distance 862 less than 50 kb from their corresponding transcription start site (TSS). For each 863 KLF4 cluster we calculated the closest (≤50 kb) TSS to each KLF4 binding site 864
and plotted the median expression levels (TPM) of all genes annotated in each 865 KLF4 cluster with the use of R. 866 867
Preprocessing of HiChIP / public Hi-C datasets 868
HiChIP datasets and public Hi-C datasets were uniformly pre-processed with the 869
HiC-bench platform 30 , which is outlined in short in the following. First, all paired-870 end sequencing reads were aligned against the mouse genome version mm10 871 with bowtie2 version 2.2.3 48 (specific settings: --very-sensitive-local --local). 872
Read-filtering was conducted by the GenomicTools 49 gtools-hic filter command 873
(integrated in HiC-bench), which discards multi-mapped reads ("multihit"), read-874 pairs with only one mappable read ("single sided"), duplicated read-pairs 875 ("ds.duplicate"), read-pairs with a low mapping quality of MAPQ < 20, read-pairs 876 resulting from self-ligated fragments and short-range interactions resulting from 877 read-pairs aligning within 10kb (together called "ds.filtered"). The percentage of 878 accepted intra-chromosomal read-pairs ("ds.accecpted intra") was high across all 879
HiChIP replicates and conditions and was consistently above 35% ( Figure S3a ). 880
In order to create counts-matrices per chromosome in a binned fashion, we set 881 the bin size to 10kb for all datasets. For all the HiChIP sample and chromosome 882 matrices, the trajectories of each matrix bin to both anchors were overlaid with 883
the ChIP-Seq signal of the respective matching sample, requiring a minimal 884 overlap of 1bp between a HiChIP-bin and a ChIP-peak. Only loops of which at 885 least one anchor was supported by a ChIP-peak were kept for further analyses. 886
Next, we applied sequencing-depth normalization (called "scaling") and distance 887 normalization as recently described 50 . 888
High-confidence loops were identified by requiring at least 1 read-pair per loop 889 across all replicates of a single condition in order to maintain a signal that is 890
replicable. Next, all loops were ordered by average loop strength per cell-type 891
and antibody and the top 50k / 100k interactions were used for downstream 892
analyses for KLF4 and H3K27ac, respectively. performed on all available replicates on the high-confidence loops. Therefore, for 897 each detected high-confidence loop from any sample, the per replicate 898 normalized loop strength was extracted before filtering for top 50k / 100k loops in 899 order to also integrate lowly detected interactions in the analysis. PCA was 900 performed using the prcomp function of R (version 3.3.0; scale=TRUE, 901 center=TRUE) 902 903
HiChIP/Hi-C heatmaps 904
All HiChIP and Hi-C heatmaps were generated with the image.plot function of R 905 the package fields (version 8.10), using the normalized interaction matrices. 906
Color scale was set the same across all conditions but separately for Hi-C and 907
HiChIP samples. 908 909
Differential loop analysis 910
Differential looping analysis was performed on each loop independently by 911 applying a two-sided t-test on the normalized counts between any pairwise 912 comparisons: ES-KLF4 vs d3-KLF4, ES-KLF4 vs d6-KLF4, d3-KLF4 vs d6-KLF4 913
and ES-H3K27ac vs MEF-H3K27ac. In order to estimate the change in loop 914 strength, we calculated the log fold-change (logFC) between the average 915 normalized loop-strength per condition for the same pairwise comparisons after 916 adding a pseudo-count of 1 to each replicate and loop. For constant H3K27ac 917 loops, we selected loops with p-value > 0.5 and absolute logFC < 0.5 for the 918 pairwise comparison of H3K27ac. MEF/ES-specific H3K27ac loops were 919 selected by p-value < 0.01 and logFC > 2 / logFC < -2 taken from the ES 920
H3K27ac vs MEF H3K27ac comparison, respectively. Mid and late established 921 KLF4 loops were selected by applying p-value < 0.01 and logFC > 2 in the 922 pairwise comparisons of ES-KLF4 vs d3-KLF4 and d6-KLF4 vs d3-KLF4 (mid) 923
